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Abstract 
The aim of this research is to determine the effect of process parameters of Binder Jet manufactured 
Stainless Steel 420 + Bronze parts on the mechanical properties such as tensile strength, yield 
strength and elastic modulus. Different process parameters such as layer thickness and part 
orientation during the printing were varied. A full factorial design of experiments matrix was made 
by varying 3 different layer thicknesses (50μm, 100μm and 200μm) and 5 different angles in 
different planes. ASTM E8 standard was used for tensile testing of the specimen and the results were 
compared. The testing showed that different parameters affect the properties in different manner. 
Layer thickness was very important to the mechanical properties because it changed the chemical 
composition of the product, while the part orientation had negligible effect. Based on various 
applications, different process parameters can be chosen to achieve the strength of a required 
component made by binder jetting of this material. 
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1 Introduction 
There are several methods currently available for additive manufacturing of metals. Some of the 
most notable among them are the Powder Bed Fusion (PBF) methods (including Selective Laser 
Sintering, Selective Laser Melting, and Electron Beam Melting) (Wohlers, 2011) (Gibson, Rosen, & 
Stucker, 2010). All these methods typically create parts with polymers, metallic material (eg. 
stainless steel, titanium, cobalt chrome) or ceramics with varying densities and porosities. These 
methods have one or more thermal sources, which cause fusion between metallic powder particles, 
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and the layers are smoothed one on top of another by rollers, which act as a typical spreading 
mechanism. The binding mechanisms in PBF can be solid state sintering, chemically induced 
bonding, liquid phase sintering and full melting. Depending on the material and the binding 
mechanisms, the properties of the part produced can vary (Noorani, 2006) (Kruth, Wang, Laoui, & 
Froyen, 2003) (Facchini, Magalini, Robotti, & Molinari, 2009).  
One of the most prominent methods for additively manufacturing metals is called Binder Jet by 
The ExOne Company. This method mainly works on the principle of chemical adhesion to create a 
green part that is subsequently sintered and infiltrated to create a fully dense part. Some of the 
common materials used in this process are SS420, SS316 or iron infiltrated with bronze. The 
applications of the parts produced by this technique include rotors, stators, impellers, and prosthetics. 
In all these applications, drastic reductions in time to manufacture from concept and significant 
weight and cost savings have been realized (ExOne Company).  
With any other manufacturing process it is important to understand the interaction between the 
process parameters and the correlated properties of the parts produced in additive manufacturing 
process too. This will help in design and manufacturing of parts with the best combination of 
strength, weight, cost and functions. Little research has been done to fundamentally study the effect 
of different processing parameters such as layer thickness or part orientation on the mechanical 
properties of parts produced by the Binder Jet method.  
This research aims to bridge that gap by studying how the various parameters during the Binder 
Jet process affect the tensile strength, yield strength, density, elongation and other properties of 
SS420 + Bronze parts. Surface and dimensional measurements, tensile testing and analysis were done 
to study the effect of layer thickness and part orientation. It was found that some parameters affect 
the mechanical properties to a much larger degree than other parameters. It was observed that the 
resulting density of the part after the adhesion and curing is the most critical feature that affects the 
properties directly. Finally, the material behaves as a composite and some of the properties can be 
explained using the rule of mixtures of the constituents in the composite. 
2 Materials and Methods 
2.1 Binder Jet-based Additive Manufacturing 
The main technique of manufacture using the Binder Jet process is as follows: (a) The CAD file 
is sliced into layers and a STL file is generated, (b) Each layer begins with a thin distribution of 
powder spread over the surface of a powder bed, (c) Using a technology similar to ink-jet printing, a 
binder material selectively joins particles where the object is to be formed, (d) A piston that supports 
the powder bed and the part-in-progress lowers so that the next powder layer can be spread and 
selectively joined, (e) This layer-by-layer process repeats until the part is completed, (f) Following a 
heat treatment, unbound powder is removed and the metal powder is sintered together. (g) This 
sintered metal powder is then infiltrated with bronze to impart the strength and fill up the pores. 
Figure 1 shows the details of the whole process. 
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Figure 1: Schematic of the Binder Jet Process (Courtesy The ExOne Company) 
2.2 Process parameters 
The Binder Jet process described above can be divided into 3 basic steps: 1) Binding, 2) Curing 
and 3) Sintering + Infiltration. There are various process parameters that can be changed to obtain a 
customized part in each of these steps. These include powder size, layer thickness during binding, 
part orientation in bed, heater power, roller speed, curing temperature, curing time, sintering time, 
sintering temperature, and sintering atmosphere. To study the effect of each of these parameters and 
their interactions would require a huge experimental design and many hundred samples and testing. 
To reduce the experimental space it was decided to study the effect of only two of the process 
parameters in this study. Other parameters will be researched in future studies. 
2.3 Experimental Plan 
The material of the powder was stainless steel 420 (SS420), which has a mean particle size of 
30μm and an apparent density of 2.75 g/cc. The chemical composition of SS420 is shown in Table 1. 
SS420 is a magnetic, martensitic stainless steel, and is typically used in cutlery and surgical 
instruments. The infiltrate was a Tin Bronze with 90% Cu / 10% Sn by weight composition.  
C Mn P S Si Cr 
0.15 min 1.00 max 0.040 max 0.030 max 1.00 max 12.00 – 14.00 
Table 1: Chemical composition of SS420 (wt %) 
 
Scanning Electron Microscope (JEOL JSM-6510MV) was used to look at the sizes and 
distribution of the powders before the process. The images for SS420 are shown in Figure 2 and for 
Bronze are shown in Figure 3.  
 
Eﬀect of LT and Orientation on Behavior of SS420-Bronze Parts Doyle, Agarwal, Sealy, and Schull
253

Figure 2: SEM Micrographs for SS420 

Figure 3: SEM Micrographs for Bronze 
The parameters studied in this research were the layer thickness and part orientation. Three 
different layer thicknesses of 50μm, 100μm and 200μm were chosen and 4 different part orientations 
of 00, 300, 600 and 900 in the YZ plane and 00, 450, 900 in XY plane were investigated. A full factorial 
design of experiment (DOE) plan was conducted and each of the parameters was varied individually. 
In all 18 different experimental run were conducted with 3 samples in each run for replication.  To 
conduct the tensile testing based on ASTM E8 standard, the sub size specimen was used in this study 
(Figure 4). 
 
 

Figure 4: Subsize Specimen for ASTM testing (Note all dimensions are in mm) 
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After the binding process the curing of the parts was done at a constant temperature of 1750C for 
3 hours. The cured parts were then transferred to a furnace where they were infiltrated with bronze at 
a temperature between 1100-1200 0C in an Argon environment. The sintering cycle took 
approximately 7.5 hours. The sintering profile is shown in Figure 5. 

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The schematic of the part orientation parameters are shown in Figure 6.  
 

Figure 6: Orientation of samples in different planes 
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2.4 Testing 
The following measurements and analysis were done on the samples at each stage of the process: 
a) Weight measurements were taken after the curing and after the infiltration process to determine 
the weight and volume fractions of constituent elements (SS420 and Bronze). 
The amount of time required for binding was noted. Note that the curing and sintering time was 
the same in all the cases. 
b) Tensile testing was done based on ASTM E8 standard for metallic materials (ASTM, 2009). 
MTS Universal Testing machine at MSU was used and MTS Model 632 extensometer of 
25.4mm gage length was used for measurement of strain. The testing was done at a constant 
crosshead speed of 0.45 mm/min and the data was recorded every 0.05 seconds. Yield strength 
was calculated by using the 0.2% offset method. The samples before and after the testing are 
shown in Figure 7.   
        
 (a)     (b)                       (c) 
Figure 7: (a) Tensile test specimens after curing along with bucket used for sintering, (b) Specimen after 
sintering and infiltration and (c) specimen after tensile testing 
3 Results 
 
The data from the tensile testing was converted into a common format and converted into true 
stress-strain curves. The various stress-strain curves for the different testing parameters are shown in 
Figure 8. 
 
    
(a) (b) 
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   (c)      (d) 
Figure 8: Engineering Stress-strain curves from tensile testing. (a) LT = 50 microns, Orientation = YZ Plane, 
(b) LT = 100 microns, Orientation = YZ Plane, (c) LT = 200 microns, Orientation = YZ Plane, (d) Curves for 
different LT across all orientations 
 
The results of the tensile testing along with the binding details are shown in Table 2 and Table 3. 
Table 2 shows the results for the specimen made in the YZ plane while Table 3 shows the results for 
the specimen in the XY plane. Note that the binding time is normalized in the table for easy 
comparison (50 micron at 0 degree orientation is set as a base =1. If the time for this was x, the other 
times are calculated as y/x, where y=time for particular experiment). 
 
S.No. Layer 
Thickness 
(microns) 
Orientation 
(Degrees) 
Bind 
Time 
% 
Bronze 
(by 
volume) 
UTS 
(MPa) 
YS 
(MPa) 
Elastic 
Modulus 
(GPa) 
Elongat
ion (%) 
1 50 0 1 0.45 737.3 249.9 134.2 2.7 
2 50 30 1.42 0.45 749.0 250.6 146.3 2.8 
3 50 60 1.55 0.45 728.0 233.3 139.5 2.9 
4 50 90 1.65 0.45 737.3 237.1 148.2 3.0 
5 100 0 0.8 0.53 604.9 191.3 132.3 3.7 
6 100 30 1.2 0.53 613.8 209.8 132.1 3.3 
7 100 60 1.3 0.53 613.9 205.6 130.2 3.1 
8 100 90 1.45 0.53 592.2 204.6 133.5 3.2 
9 200 0 0.6 0.60 505.9 179.4 126.2 2.1 
10 200 30 0.9 0.60 518.5 180.1 126.7 2.0 
11 200 60 1.05 0.60 545.5 175.7 126.2 2.3 
12 200 90 1.1 0.60 534.1 178.3 123.7 2.2 
Table 2: Results of the tensile tests for specimen in the YZ plane 
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S.No. Layer 
Thickness 
(microns) 
Orientation 
(Degrees) 
Bind 
Time 
% 
Bronze 
(by 
volume) 
UTS 
(MPa) 
YS 
(MPa) 
Elastic 
Modulus 
(GPa) 
Elonga
tion 
(%) 
1 50 0 1 0.45 737.3 249.9 130.4 2.7 
2 50 45 1.01 0.45 732.7 243.6 140.2 2.8 
3 50 90 1.02 0.45 732.7 242.7 132.3 2.9 
4 100 0 0.8 0.53 604.9 191.3 132.1 3.7 
5 100 45 0.81 0.53 603.9 196.7 126.2 3.6 
6 100 90 0.8 0.53 597.1 192.5 123.7 3.6 
7 200 0 0.6 0.60 505.9 179.4 130.4 2.1 
8 200 45 0.62 0.60 505.9 174.1 140.2 2.0 
9 200 90 0.63 0.60 503.3 170.8 132.3 2.1 
Table 3: Results of the tensile tests for specimen in the XY Plane 
Comparative graphs showing the variation of UTS and YS as the layer thickness and part 
orientation changes in the YZ plane are shown in Figure 9 and Figure 10. These figures also include 
the standard errors of the testing results. 
 

Figure 9: Variation of UTS as a function of layer thickness and part orientation in YZ Plane 
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
Figure 10: Variation of YS as a function of layer thickness and part orientation in YZ Plane 
Comparative graphs showing the variation of YS and Elastic Modulus as the layer thickness and 
part orientation changes in the XY plane are shown in Figure 11 and Figure 12. These figures also 
include the standard errors of the testing results. 
 

Figure 11: Variation of YS as a function of layer thickness and part orientation in XY Plane 
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
Figure 12: Variation of Elastic Modulus as a function of layer thickness and part orientation in YZ Plane 
To understand the relationship between the properties and the structure, micrographic analysis of 
the material was also done after the sintering and infiltration stage. The resulting micrograph is 
shown in Figure 13. 
 

Figure 13: Micrographs of the sintered and infiltrated samples (layer thickness = 50μm, orientation = 00) 
showing the different phases, (left) 50x and (right) 200x. 
The fractured surfaces were also examined under the SEM. The various micrographs are shown 
in Figure 14.   
4 Discussions 
The results from the various tensile testing experiments reveal the following interesting points: 
Micrograph of the Binder Jet SS420+Bronze part shows that the part is similar to typical liquid 
phase sintered composite with Bronze as the matrix and SS420 as the hard particles sintered in that 
matrix. 
(a) Different layer thicknesses change the amount of different phases in the material. Layer 
thickness of 50μm has about 55% SS420 and 45% Bronze by volume, while the 200μm later 
thickness has 40% SS420 and 60% Bronze by volume as its constituents. 
(b) Stress-strain curves show that there is not a lot of variation in the behavior of material between 
the different orientations for a particular layer thickness. This might be because all the 
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orientations for a particular layer thickness have similar composition of bronze and stainless 
steel.  
There is a strong effect of layer thickness on the mechanical properties of Binder Jet 
SS420+Bronze parts. The UTS, YS, Elastic modulus all increase as the layer thickness is decreased. 
Parts with 50μm layer thickness have UTS in the range of 728.0 – 749.0 MPa while those with 
200μm layer thickness have UTS in range of 505.0 – 545.5 MPa. Thus there is about a 25-30% 
increase in strength of the part, because the layer thickness is decreased from 200 to 50μm.  
The orientation of the part during the Binder Jet process has negligible effect on the mechanical 
properties. For all the layer thicknesses tested, the part orientation (both in YZ and XY plane) has 
almost no effect on the UTS, YS or elastic modulus. 


Figure 14: SEM of the fractured surfaces showing the dimpled surfaces, (left) LT=50 microns, (right) LT=100 
microns 
(c) The SEM of the fractured surfaces shows that the material has a ductile fracture with dimpled 
surface and fractures at the interface of the SS420 particle and the Bronze matrix. 
(d) According to German, 1985, when there is no porosity the upper bound estimate on the 
composite elastic modulus E can be given as: 
E1 = ESVS + ELVL        (1) 
Where V = volume fraction, S = solid phase and L = liquid phase 
Also, a lower bound of the Elastic modulus is given as: 
1/E2 = VS / ES + VL / EL       
 (2) 
In the case presented in this research, SS420 is the solid phase and Bronze is the liquid phase. 
Thus if we substitute ES = 200 GPa and EL = 102 GPa in equations (1) and (2) for the various volume 
fractions, we obtain the lower and upper bounds of the elastic modulus as shown in Table 4. Since 
the porosity in the parts was <1%, the effect of porosity was neglected. 
 
Layer 
Thickness (μm) 
VS VL E1 (GPa) E2 (GPa) E from Stress – 
strain curves 
(GPa) 
50 0.55 0.45 155.9 139.63 142.05 
100 0.47      0.53 148.1 132.51 132.5 
200 0.40 0.60 141.2 126.86 126.9 
Table 4: Theoretical lower and upper bounds of elastic modulus compared to experimental values 
This table shows that the elastic modulus of the Binder Jet parts is very close to the theoretical 
lower bound. This is because of the high percentage of the liquid phase (bronze) that causes the 
composite to have properties closer to the matrix than the solid phase particles. Thus the material 
behaves very similar to a liquid phase sintered composite.   
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5 Conclusions 
One of the additive manufacturing methods to create metal parts include the Binder Jet method 
by The ExOne Company. This method mainly works on principle of binder jetting to create a green 
part that is subsequently sintered and infiltrated to create a fully dense part. Some of the common 
materials used in this process are SS420, SS316 or Iron infiltrated with Bronze. Like any other 
manufacturing process it is important to understand the interaction between the process parameters 
and the resulting properties of the parts produced in a specific additive manufacturing process. This 
will help in design and manufacturing of parts with the best combination of strength, weight, cost and 
functions.  
The present work aims to bridge that gap by studying how the various parameters during the 
Binder Jet process affect material properties, like the tensile strength, yield strength, density, and 
elongation of SS420 + Bronze parts. Tensile testing and analyzing were done to study the effect that 
layer thickness and part orientation had on the final part’s mechanical properties. It was found that 
layer thickness affects the mechanical properties to a much larger degree than orientation during the 
binding. The properties can vary between 25-30% depending on the layer thickness of the part. It was 
also observed that the density of the part after the binding and curing is the most critical feature that 
affects the properties directly. Finally, the material behaves as a liquid phase sintered composite and 
some of the properties can be explained using the rule of mixtures of the constituents in the 
composite.  
The results can be used in many practical applications. Depending on part geometry and strength 
requirements, orientation can be decided based on build volume of the machine and layer thickness 
can be chosen for best productivity. For example, for a part with thin sections, orientation can be 
chosen to provide the maximum support during the build process without affecting strength or other 
mechanical properties. More work is needed in the future to study the effect of sintering parameters 
such as sintering time, temperature and atmosphere on the material properties of such parts. 
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